Ligand-independent, constitutive activation of Hedgehog signalling in mice expressing a mutant, activated SmoM2 allele results in the development of multifocal, highly differentiated tumours that express myogenic markers (including desmin, actin, MyoD and myogenin). The histopathology of these tumours, commonly classified as rhabdomyosarcomas, more closely resembles human fetal rhabdomyoma (FRM), a benign tumour that can be difficult to distinguish from highly differentiated rhabdomyosarcomas. We evaluated the spectrum of Hedgehog (HH) pathway gene mutations in a cohort of human FRM tumours by targeted Illumina sequencing and fluorescence in situ hybridization testing for PTCH1. Our studies identified functionally relevant aberrations at the PTCH1 locus in three of five FRM tumours surveyed, including a PTCH1 frameshift mutation in one tumour and homozygous deletions of PTCH1 in two tumours. These data suggest that activated Hedgehog signalling contributes to the biology of human FRM.
Introduction
Hedgehog (HH) signalling is essential in many developmental processes [1] and has been linked to the development of a variety of malignant neoplasms, including rhabdomyosarcoma [2, 3] . HH binds to the transmembrane receptor Patched 1 (Ptch1) to relieve inhibition of the transmembrane signal transducer Smoothened (Smo). Activated Smo then mediates proteolytic processing of the Gli family of zinc finger transcription factors to drive transcription of downstream target genes, including Ptch1 and Gli1 (negative and positive components of the HH feedback system) [1, 4] (Figure 1B ). Mice that are haploinsufficient for the HH receptor Ptch1 [5] or for the HH binding protein Hip1 [6] , both negative regulators of HH signalling, and mice that express an activated Smo allele (SmoM2 ; Figure 1A ) [4] are prone to develop tumours with myogenic differentiation, commonly classified as embryonal rhabdomyosarcomas [4] [5] [6] . Our review of the histopathology of SmoM2 rhabdomyosarcomas revealed that these tumours show prominent cytodifferentiation, lack nuclear atypia and closer resemble human fetal rhabdomyomas (FRM). Human FRMs are rare benign tumours that typically arise in children and younger adults, have a predilection to occur at head/neck sites, occasionally infiltrate into adjacent normal skeletal muscle and can be complicated by local recurrence [7] [8] [9] . They do not cause regional or systemic metastases, and their ultimate outcome is benign [7] . Multifocal FRMs have been described in the context of nevoid basal cell carcinoma syndrome (NBCCS; a genetic disorder linked to PTCH1 mutations) [8, 10] .
FRMs typically consist of bland spindle cells and elongated muscle cells reminiscent of fetal myotubules in a fibromyxoid stroma ( Figure 3A ) [7] , and their lack of nuclear atypia and low mitotic rate serves as a distinguishing feature between FRM and rhabdomyosarcoma. However, overlap in the histological presentation of human FRM and highly differentiated human rhabdomyosarcoma has been well documented in the literature, and the distinction of human FRM from highly differentiated RMS can sometimes be problematic [7, 9, 11] . As HH-driven tumours with myogenic differentiation in mice with hyperactive HH signalling resemble human FRMs, we sought to investigate the molecular underpinnings and, specifically, the frequency of HH pathway gene mutations in these rare tumours. Our studies identified functionally relevant aberrations at the PTCH1 locus in three of five human FRMs surveyed, including a frameshift mutation (g.98,220,305GC > G) in one tumour and homozygous deletions of PTCH1 in two tumours. The frequent detection of PTCH1 inactivating mutations in human FRMs suggests that hyperactive HH signalling contributes to the development or maintenance of human FRMs.
Materials and methods

Mice
R26-SmoM2
(mixed genetic background, including 129/Sv and Swiss Webster as main components) and CAGGS-CreER mice were purchased from the Jackson Laboratory. The mice were bred and maintained at the Joslin Diabetes Center Animal Facility. Tamoxifen (1 mg/40 g body weight; Sigma, St. Louis, MO, USA) was injected intraperitoneally on postnatal day 10 (P10) to induce Cre expression. Animals were monitored once weekly for the onset of soft-tissue tumours or other health problems, and were sacrificed once they had palpable muscle tumours or were ill. All animal experiments were approved by the Joslin Diabetes Center Institutional Animal Care and Use Committee.
Human tissue specimens
Human FRM specimens (FRM1-6) and corresponding normal tissue were obtained from the pathology archives at Boston Children's Hospital (FRM4-6) and the Brigham and Women's Hospital, Boston, MA (FRM1-3). Accurate histopathological diagnosis was verified by LAT and CDF. Corresponding normal tissue was available for tumours FRM5-6 only (CONO5-6). Discarded normal human skeletal muscle obtained from donors without tumour history (NO1-3) was obtained from PJG (see supplementary material, Table S1 ). All studies involving human tissue samples were approved by the relevant institutional review boards (Boston Children's Hospital, IRB-P00003845; Joslin Diabetes Center, CHS#06-42).
Histopathological evaluation of mouse SmoM2 tumours
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paraffin-embedded tissue were baked, deparaffinized and subjected to heat-induced antigen retrieval in target retrieval solution, pH 9 (Dako, Carpinteria, CA, USA). The sections were then treated with peroxidase and protein blockers (Dako) and incubated with antibodies against myogenin (1:100; M3559; Dako), MyoD1 (1:50; M3512; Dako), desmin (1:50; M0760; Dako), actin (1:200, Dako M0635) and Ki67 (1:250; VP-K451; Vector Laboratories). The detection system was mouse Envision (Dako) for 30 min, followed by development with a 3,3V-diaminobenzidine chromagen substrate for 5 min. The slides were lightly counterstained with haematoxylin. Isotype-specific antibodies were used as negative controls.
RT-PCR
Total RNA was isolated by TRIzol extraction and reverse-transcribed using Superscript I First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA, USA). qRT-PCR was performed using an AV7900 PCR system (Invitrogen) with Taqman PCR reagents. The primers used were Taqman Gene Expression Gli1 (Mm00494654_m1), Ptch1 (Mm00436026_m1) and 18s (Mm03928990_g1).
DNA isolation and sequencing analysis of human tissue specimen
Genomic DNA was isolated from 10-15 punches (diameter 0.6 mm) obtained from formalin-fixed paraffin-embedded (FFPE) tissue blocks or from five unstained sections/specimen, using the DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany). DNA was analysed using PICOgreen fluorescence to quantify double-stranded DNA. Total DNA yield was 61-816 and 51-2327 ng for FRM and normal tissue specimens, respectively. Of note, all FRM tissue samples were older than 10 years. Sequencing was performed using OncoPanel v.1, a targeted Illumina sequencing strategy of the coding regions of 645 genes previously linked to human cancer, including HH pathway genes PTCH1 , SMO, suppressor of fused homologue (SUFU ; acts as a negative regulator of HH signalling by downregulating GLI1 -mediated transactivation of target genes) and HIP1 [1] . Prior to library preparation, 51-200 ng DNA was fragmented by Covaris sonication to 150 bp and further purified using Agentcourt AMPure XP beads. 50 ng size-selected DNA was then ligated to sequencing adaptors with sample-specific barcodes during library preparation (Illumina TruSeq) and quantified by qPCR. The yields of the libraries were in the range 83-2308 ng. The yield of the library obtained from sample FRM1 was only 3 ng, and this sample was discarded from further analysis. The remaining samples were pooled in equimolar concentrations to a total of 500 ng for targeted exon enrichment, using the OncoPanel v.1 gene set with the Agilent SureSelect hybrid capture kit, and sequenced in one lane for 100 bp paired-end reads/fragment on an Illumina Hiseq 2000. Pooled sample reads were deconvoluted (demultiplexed) and sorted using the Picard tools (for details, see: http://picard.sourceforge.net/commandline-overview.shtml). Reads were aligned to the reference sequence b37 edition from the Human Genome Reference Consortium, using bwa (http://bio-bwa.sourceforge.net/bwa.shtml) and the parameters '-q 5 -l 32 -k 2 -o 1'. Duplicate reads were identified and removed using the Picard tools. The alignments were further refined using the GATK tool for localized realignment around indel sites (http://www.broadinstitute.org/ gsa/wiki/index.php/Local_realignment_around_indels). Recalibration of the quality scores was performed using GATK tools (http://www.broadinstitute.org/ gsa/wiki/index.php/Base_quality_score_recalibration). The sequence generated a total of 482 330 586 reads and 43 ± 5 × 10 6 reads/sample. Samples NO1-3 had high mean target coverages of ×232-284, while the tumour and matched normal samples only reached a mean target coverage of ×44-66. However, in all cases taken together, 63.4-90.2% of target bases were covered at least ×30, including 79% of Hedgehog (HH) gene-coding regions (see supplementary material, Table S4 ). Mutation analysis for single nucleotide variants (SNVs) was performed using MuTect v. 1 0.27200 (https://confluence.broadinstitute.org/display/ CGATools/MuTect) and annotated by Oncotator (http://www.broadinstitute.org/oncotator), developed by the Cancer Biology Group at the Broad Institute. MuTect was made available through the generosity of Kristian Cibulskis and the Cancer Genome Analysis Program at the Broad Institute, Inc. Insertions and deletions (indels) were called using Indel Locator (https:// confluence.broadinstitute.org/display/CGATools/Indel ocator). We considered only those SNVs that were non-synonymous, detected in a tumour fraction > 30% (total pairs > 30, MQ0 < 10), corresponding to a 60% tumour purity, absent in normal muscle specimens NO1-3 and listed in the Exome Variant Server, NHLBI Exome Sequencing Project (ESP; Seattle, WA, USA) with a population frequency < 1%. We considered those indels found in an allele fraction > 25%.
Fluorescence in situ hybridization (FISH)
A two-colour FISH probe set was hybridized to 5 µm sections of seven paraffin-embedded tissue samples (FRM4-6, NO1-3, CONO5), including a custommade probe for PTCH1 (RP11-435O5, labelled with spectrum orange) and a commercial probe for CEP9 (labelled with spectrum green). For tumours FRM2-3 and corresponding normal tissue CONO6, no remaining paraffin-embedded tissue was available for FISH testing. Figure 1A ; CAGGS-CreER) resulted in hyperactivity of HH pathway signalling ( Figure 1B ) [4] . Tamoxifen-induced mice developed a spectrum of neoplasms, including tumours with myogenic differentiation previously classified as rhabdomyosarcomas (Figure 2 ) [4] . These tumours developed with high penetrance within the first 3 months of life ( Figure 1C ; 32 mice evaluated). The majority of tumours arose in the rear thigh, hindlimb and chest wall muscles, as previously described [4] . They were typically multifocal (average 4 ± 1 tumours/mouse detected; Figure 1D ), and random skeletal muscle sections revealed numerous microscopic tumour foci ( Figure 1F ). Tumours reached considerable size (average 358 ± 67 mg total tumour mass/mouse; Figure 1D ), but did not metastasize to the lungs of tumour-bearing animals. No metastatic foci were detected in random lung sections of 10 tumour-bearing mice. Expression of HH target genes Ptch1 and Gli1 was evaluated by qRT-PCR in six primary tumours obtained from SmoM2 mice compared to wild-type mouse muscle, and up-regulation of Ptch1 and Gli1 in tumours supported activation of HH signalling consistent with activation of SmoM2 ( Figure 1E) .
Histopathologically, SmoM2 tumours exhibited a highly differentiated myogenic phenotype and lacked cellular atypia (Figure 2 ). They contained numerous 'myofibre-like', multinucleated, elongated cells as well as small round cells with uniform appearance, ovoid nuclei and evenly distributed chromatin. Tumour cells expressed myogenic markers, including the myogenic regulator factors myogenin and MyoD (normally expressed in activated satellite cells and proliferating myoblasts [12] ), and exhibited uniformly high levels of the late myogenic differentiation markers desmin and actin (Figure 2 ). Ki67 indices were variable, including extremely low Ki67 indices in many tumours (19.1 ± 15.9%; range 3.4-41.8%). When we reviewed SmoM2 tumour histology (n = 15 tumours) and myogenic marker staining (n = 8 tumours) in the context of human pathology conventions, SmoM2 tumours consistently showed more prominent cytodifferentiation and less nuclear atypia than expected in embryonal rhabdomyosarcomas. It was also noted that SmoM2 tumours bear close resemblance to human FRMs, rare benign tumours with muscle differentiation.
Human FRMs
Six FFPE FRMs were identified in the pathology archives at Boston Children's Hospital and Table S1 ). All six patients were male, age at diagnosis was 0-108 months and four of six tumours were located at head/neck sites. Notably, two tumours arose in the postauricular area, which is a frequent site of origin of FRMs ( Figure 3B ). For FRM4, a previously described germline polymorphism at the PTCH1 locus had been detected [Thr1195Ser, present in > 1% of the population, according to the Exome Variant Server, NHLBI Exome Sequencing Project (ESP), Seattle, WA, USA; accessed August 2012]. No information on germline mutational status was available for the other tumours. Clinical and outcome data were available for three of the six cases (FRM4-6, Figure 3B ). These three patients had no family history of nevoid basal cell carcinoma syndrome (NBCCS), did not meet clinical criteria for NBCCS, had their tumours removed surgically, did not receive chemotherapy and/or radiation and were disease-free at 17 months-12 years after initial diagnosis. One patient (FRM4) had two local recurrences, both of which were resected ( Figure 3B ). from five FFPE tumour specimens (FRM2-6, Figure  3B ). FRM1 yielded insufficient amounts of DNA and was discarded from the sequencing analysis. Normal corresponding tissue was available for tumours FRM5 (CONO5, muscle) and FRM6 (CONO6, lymph node). Three normal human muscle specimens obtained from donors without tumour history were also sequenced (NO1-3). We identified 10-17 SNVs in each of tumours FRM2-6 [non-synonymous, not present in normal muscle samples NO1-3, listed in the Exome Variant Server, NHLBI Exome Sequencing Project (ESP), Seattle, WA, USA, with a population frequency < 1%] (see supplementary material, Table S2 ). All 10-13 SNVs detected in tumours FRM5-6 were present in corresponding normal tissue (germline). All 15-17 SNVs detected in tumours FRM2-4 had indeterminate germline status. We also identified one to three insertions/deletions (indels; detected in > 25% of alleles) in tumours FRM2, FRM3, FRM4 (germline status indeterminate) and FRM6 (germline status somatic) (see supplementary material, Table S3 ). In addition to SNVs and indels, there was clear indication of deletion of PTCH1 and FANCC , which are co-located on chromosome 9, in samples FRM4 and FRM5 ( Figure 4A , B, deleted regions marked by a red circle). For FRM5, the deleted region spanned Chr9, 95178901-98244322. Within this region, our targeted sequencing approach covered 1 exon of CENPP , all exons of FANCC Several abnormalities were seen in more than one of the FRM specimens surveyed: First, indels in epithelial splicing regulatory protein 1 (ESPR1 ) were detected in three tumours, resulting in codon deletions in two tumours (FRM2, FRM4) and a frameshift mutation in one tumour (FRM3) (Table S3) . Second, abnormalities in Fanconi anaemia complementation group C (FANCC ) were present in three tumours, including two tumours with FANCC deletions (FRM4, FRM5) and one tumour with a FANCC SNV (FRM3) (Table S2, Figure 4) . Third, missense mutations in the nuclear membrane protein spectrin repeat-containing nuclear envelope 1 (SYNE1 ) were detected in three tumours (FRM3, FRM5, FRM6) (Table S2) . Finally, aberrations in HH pathway genes were found in three of five tumours, including two tumours with large deletions at the PTCH1 locus (FRM4, FRM5) and one tumour with a PTCH1 indel and a SMO SNV (FRM3) (Table 1, Figure 4 ; see also supplementary material, Tables S2,  S3 ). The SMO mutation was previously found in 0.9% of the general population (according to the Exome Variant Server, NHLBI Exome Sequencing Project (ESP), Seattle, WA, USA). The PTCH1 Indel caused a frameshift and thus represented a high-impact aberration. No SUFU or HIP1 mutations were detected.
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HH pathway gene aberrations in human FRMs
Our sequencing studies identified aberrations in PTCH1 and SMO in three of five human FRMs sequenced (Table 1) . FISH testing of PTCH1 was performed on FFPE sections obtained from tumours FRM4-6 and normal tissue specimens (NO1-3), using a custom-made probe for PTCH1 (labelled with spectrum orange) and a commercial probe for CEP9 (labelled with spectrum green) ( Figure 5 ). For tumour FRM3, there was no remaining tissue or DNA available to verify the abnormalities noted by OncoPanel v. 1 sequencing. The frequency of hybridization signal patterns in the PTCH1 region was first analysed in the three normal tissue specimens (NO1-3). Heterozygous deletion patterns were observed in 11-37 of 100 cells, with a cut-off of 49 of 100 (determined as mean ± two SDs); homozygous deletion patterns (zero red and one green signal, or zero red and two green signals) were not observed in normal tissues. For all three tumours, heterozygous deletion patterns were within the range observed in normal tissues and did not exceed the cutoff. No homozygous deletion patterns were observed in tumour FRM6. However, homozygous deletion of PTCH1 was noted in tumours FRM4 and FRM5 (homozygous deletion patterns in 73/100 and 76/100 cells, respectively) ( Figure 5 ). This is consistent with the results of our sequencing studies, demonstrating deletions at the PTCH1 locus in FRM4 and FRM5.
Discussion
This study was motivated by our observation that HH-driven myogenic tumours in mice with hyperactive HH signalling due to expression of an activated SmoM2 allele resemble human FRMs. We evaluated the mutational spectrum of five human FRMs and noted functionally relevant aberrations in three of five human FRMs. Of note, Tostar et al previously reported a germline frameshift mutation and a somatic in-frame deletion at the PTCH1 locus in a FRM diagnosed in a woman with NBCCS [13] . These findings suggest that activated HH signalling is a driving force behind the development of human FRMs. Two of three FRMs with PTCH1 aberrations carried mutations of indeterminate germline status (FRM3, FRM5). For FRM4, a germline PTCH1 SNV had been detected. This SNV was previously linked to NBCCS [14] , but subsequently found to be present in > 1% of the general population and reclassified as a nonpathogenic polymorphism. Patient FRM4 did not meet clinical criteria for NBCCS at the age of 10 years [15] but, interestingly, he experienced two local recurrences of his FRM. As multifocal rhabdomyomas were previously described in NBCCS [8] , it is conceivable that the germline PTCH1 variant in patient FRM4 contributed to the development of these tumours. We also note that our FISH studies demonstrated homozygous PTCH1 loss in FRM4 and FRM5. This could be consistent with tumour development as a consequence of the combined effects of a somatic mutation in one allele and a germline lesion in the other.
We did not detect abnormalities in HH pathway genes in two of five tumours evaluated. It is possible that certain mutations in HH pathway genes were missed, due to the limited quality of the DNA obtained from > 10 year-old FFPE specimens or due to our sequencing approach (covering coding regions only). Alternatively, activated HH signalling may only contribute to a subset of human FRMs. For example, we also noted mutations in ESPR1, FANCC and SYNE1 in three FRMs each. ESPR1 encodes a splicing factor that regulates the formation of epithelial cell-specific isoforms and has been linked to epithelial-mesenchymal transition [16] . FANCC encodes a DNA repair protein [17] . SYNE1 encodes a nuclear membrane protein that has intracellular scaffold and linker functions [18] . Neither of these genes was previously linked to the biology of rhabdomyomas or rhabdomyosarcomas.
Multifocal muscle tumours in SmoM2 mice do not metastasize to the lungs of tumour-bearing animals and have a highly differentiated myogenic phenotype. Similarly, low Ki67 indices and highly myogenic transcriptional profiles were previously observed in Ptch +/− mouse rhabdomyosarcomas [19] . We here note marked similarities in the histopathological presentation of SmoM2 tumours and human FRM. Human FRMs are highly differentiated myogenic tumours that do not cause regional and/or systemic metastases. However, they can be difficult to distinguish from highly differentiated non-alveolar rhabdomyosarcoma [7] ; Kodet et al previously remarked that it might be difficult to draw a sharp line between highly differentiated rhabdomyosarcomas and FRMs [9, 11] . Interestingly, two of 15 tumours in a previously published case series of embryonal rhabdomyosarcomas with advanced differentiation resembled FRM; they consisted of almost entirely mature rhabdomyoblasts, interspersed with clusters of undifferentiated cells [20] . The question arises as to whether highly differentiated, rhabdomyoma-like non-alveolar rhabdomyosarcomas and human FRMs represent a biologically distinct category of myogenic tumours resulting from hyperactive HH signalling, or whether they are separate and distinct entities.
The presence of mutations in HH pathway genes in rhabdomyosarcoma tissue has been investigated previously. Somatic mutations in PTCH1 were detected in seven non-alveolar rhabdomyosarcomas by FISH [13, 21] . However, published studies aimed at determining the frequency of HH pathway gene mutations in rhabdomyosarcoma did not consider the degree of morphological differentiation within the spectrum of non-alveolar rhabdomyosarcoma and did not detect pathogenic mutations in PTCH1 . It will be interesting to evaluate the presence of HH pathway gene mutations and expression patterns (including PTCH1 ) in highly differentiated, 'rhabdomyoma-like' rhabdomyosarcomas in order to directly address the question of whether highly differentiated RMS and FRM represent a biologically distinct category and/or a spectrum of tumours with inactivating mutations in PTCH1 (which could serve as a biomarker to facilitate diagnosis).
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SUPPORTING INFORMATION ON THE INTERNET
The following supplementary material may be found in the online version of this article: Table S1 . Age of human tissue specimens surveyed, quality control measures and sequencing metrics 
